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Individual particle analysis using a 
flow cytometer (FCM) was made on nat- 
ural phytoplankton communities in oli- 
gotrophic waters. Our objective was to 
develop an assay to yield information on 
the nutrient history of individual cells us- 
ing FCM. Results from nutrient assays 
showed that both biovolume and total 
red fluorescence are affected by the nu- 
trient conditions in the incubator. The 
light effect was measured by changes in 
the chlorophyll content of the cells, and 
after the 12 h incubation the cells seemed 
well adapted to the light conditions. The 
estimated kinetic constant for the chloro- 
phyll synthesis averaged 1.5 x h-l, 
whereas the growth rate calculated from 
the changes in the cell numbers changed 
from 0.14 to >2.5 doubling per day. The 
smallest size fraction presented the high- 
est growth rate (>2.5 doublings per day). 
The relationship between the total red 
fluorescence as estimated with the FCM 
and the biovolume revealed that the cells 
from the 2 m samples at the beginning of 
the experiment were probably nutrient 
limited. Important changes in the size of 
the cells under nutrient limitation were 
also observed. The FCM data suggest 
that the FCM is a valuable tool for esti- 
mating the relative growth response and 
nutritional state of natural phytoplank- 
ton populations. 
Key terms: Nutritional status, Redfield 
ratio, oligotrophic waters 
Measurements of the assimilation of 14C and 15N pro- 
vided tools to study the dynamics of total aquatic sys- 
tems, but the taxa-to-taxa aspects of the phytoplankton 
community were unapproachable. It is possible to as- 
sign the dynamics to size class by using filters, screens, 
or nets of different pore sizes; however, such treat- 
ments can introduce a loss of accuracy by causing cell 
breakage. The retention of some cells on the filters is 
also a potential source of error (111, and it is impossible 
to obtain a quantitative separation between autotroph 
and heterotroph or between groups of species and de- 
tritus (17). 
In the early 1980s flow cytometry (FCM) was intro- 
duced into oceanographic research (29). This tech- 
nology, in contrast to the Coulter particle counter, 
exploited the fluorescence characteristics of phyto- 
plankton. In FCM, the particles are illuminated by an  
intense light source, and autofluorescence and/or flu- 
orescence emitted by pigment-stain association are de- 
tected by photomultiplier tubes. Some flow cytometers 
also measure cell volume (as in the Coulter counter, 
detected by a change in resistivity of the suspending 
medium). FCM allows simultaneous measurements of 
multiple parameters on individual cells to be carried 
out, and, due to the fact that it is possible to detect 
fluorescence characteristics of individual particles, the 
differentiation between cells and detrital materials. 
This ability to resolve phytoplankton from nonphyto- 
plankton particles is the principal advantage of flow 
cytometry for oceanographic studies. 
In the past, flow cytometry has mainly been used 
in laboratory studies (2,12,14,18,19,21-23,25,27,29). 
More recently, however, it has been applied to field 
experimentation, for the characterization of differen- 
tial ingestion, digestion, and egestion by suspension 
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feeders (4), and the description of natural phytoplank- 
ton populations (13). 
For this study our objectives were 1) to interpret flow 
cytometric data in conjunction with conventional 
chemical measurements and 2) to evaluate an assay for 
assessing the nutrient history of the cell. Measure- 
ments taken included the numbers and sizes of cells, in 
vivo chlorophyll fluorescence per cell, and in vivo chlo- 
rophyll fluorescence measured before and after incu- 
bation with added nutrients. 
MATERIALS AND METHODS 
Three sampling stations, located in the northern 
Sargasso Sea (Fig. 1) were occupied for 12 h on three 
separate days between June 22 and July 3, 1985. The 
water was sampled from a depth of 2 m and the sub- 
surface chlorophyll maximum (determined from verti- 
cal profiles of in vivo fluorescence) and stored in Niskin 
bottles. 
For the particulate organic carbon (POC) and nitro- 
gen (PON) determinations, water was filtered through 
precombusted (500°C for 24 h) Whatman GF/F glass- 
fiber filters. The cells retained on the filters were then 
frozen, and at  a later date the POC and PON concen- 
trations were measured using a Perkins Elmer 240 El- 
emental Analyzer. For pigment analysis 250 ml of wa- 
ter was filtered through Whatman GF/F glass fiber 
filters with a vacuum pressure of 125 mm Hg. Pig- 
ments were then immediately extracted in 85% acetone 
for 12 h in the dark at  5°C from the cells retained on the 
filters, and chlorophyll concentrations were deter- 
mined using a Turner fluorometer, following the 
method of Yentsch and Menzel (30). The filtrate was 
kept frozen in prewashed (0.5 M HC1) polyethylene bot- 
tles for further determination (within 2 months) of in- 
organic nutrients with a technicon AutoAnalyzer (24). 
The nutrient samples were run in random order. Water 
samples (25 ml) were collected from each depth for phy- 
toplankton cell identification. 
Flow Cytometric Determination 
The water samples collected were passed through a 
53 pm screen, and frequency distributions of cell vol- 
ume and in vivo chlorophyll fluorescence were then 
obtained on board ship using a Becton-Dickinson FACS 
Analyzer flow cytometer and a Coulter-type volume 
analyzer. Cells were excited by a mercury arc lamp at 
a wavelength of 436 nm, and chlorophyll a autofluo- 
rescence emission greater than 675 nm was detected by 
a photomultiplier (PMT) tube. The fluorescence units 
were normalized relative to standard fluorescent beads 
(Coulter EPICS Division, Hialeah, FL). An orifice of 75 
pm was used during the experiment. The operating 
current was set at 1.4 MA, and the gain was set on a 
logarithmic scale. The cell size measurements were cal- 
ibrated in terms of equivalent spherical diameter (esd) 
based on standard volume polystyrene beads. The sig- 
nal threshold was set on Coulter volume. The lower 
level of sized detection calculated from the calibration 
equation was about 2.0 pm as shown in Figure 2. The 
equation of the regression curve was 
(1) 
where Y represented the volume of the particle (pm3). 
The diameter of the particles was obtained by the equa- 
tion 
Y = 4.63 X X1.08 
(2) 
where V is the volume of the cell as determined by 
equation 1. To estimate the number of cells per unit of 
seawater volume analyzed, a known concentration of 
fluorescent beads was added to the samples (1 1). These 
measurements were all made as close to the time of 
sample collection as possible. All data were collected in 
list mode to permit re-evaluation. In this study, we 
analyzed only the fluorescent particles. 
Nutrient Assays 
Water taken from a 2 m depth and the subsurface 
chlorophyll maximum was subjected to five different 
nutrient regimes (control, without enrichment; com- 
plete; complete minus nitrates; complete minus phos- 
phates; and complete minus silicates). The complete 
nutrient conditions corresponded to approximately F/ 
20 medium levels (8). The assays were incubated for 12 
h in a deck incubator (5). The light intensity used was 
150 pmol mo2 spl, chosen to correspond with the satu- 
ration light level for both depths on each station (not 
shown). It represented about 10% of the light intensity 
for the upper 2 m depth samples and 10 times the light 
intensity for lower subsurface chlorophyll maximum 
samples. Flow cytometric and total chlorophyll concen- 
tration measurements were made both before and after 
incubation. 
RESULTS 
Table 1 gives the background data at various sta- 
tions and the three sampling depths. The chlorophyll 
concentration varied between 0.06 to 0.39 pg 1-l. At 
stations 12 and 14 the 2 m depth samples contained 
more particles than the subsurface chlorophyll maxi- 
mum samples (as detected by flow cytometry), whereas 
at station 13 the subsurface chlorophyll maximum 
samples contained a slightly higher number of parti- 
cles. The relationship between chlorophyll and the 
number of particles showed two different slopes accord- 
ing to the sampling depth. The cells in the subsurface 
chlorophyll maximum samples contained more chloro- 
phyll than the cells in the 2 m depth samples (Fig. 3). 
After an incubation of 12 h under the same light in- 
tensity, all the samples submitted to different enrich- 
ments (see below) presented the same amount of chlo- 
rophyll a per cell (Fig. 3). Furthermore, a major 
difference was observed in the size of the cells from the 
different depths. For all stations, the particles were 
bigger in the 2 m depth samples than in the subsurface 
chlorophyll maximum samples. Despite this, the mean 
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FIG. 1. Map of the sampling area showing station locations (0, 12, 13, and 14). 







FIG. 2. Size calibration of the flow cytometer. The y-axis represents 
the real volume of the beads and x-axis the volume obtained by the 
flow cytometer. 
fluorescence (relative units) as detected by the FCM 
was higher for the subsurface chlorophyll maximum 
samples, but this may have been because the species 
were not the same. The C:N ratios were higher in the 2 
m depth samples than in the subsurface chlorophyll 
maximum samples, and the lowest values observed for 
the subsurface chlorophyll maximum depth were 
where the nitrate concentration was highest. Figure 4 
shows C:N values in relation to  the ambient inorganic 
nitrogen. Our results have been superimposed onto re- 
sults reported by Lancelot and Billen (9) for temperate 
phytoplankton communities. 
Biovolume and Total Red Fluorescence 
The relationship between the total fluorescences as 
estimated by the FCM and the biovolume clustered 
into two different slopes (Fig. 5). The higher slope rep- 
resents samples with complete or complete minus sili- 
cate (Si03) enrichments, whereas the lower slope rep- 
resents samples without enrichment or with complete 
minus nitrogen and complete minus phosphorus en- 
richments. The To for the subsurface chlorophyll max- 
imum at stations 12 and 14 showed the same charac- 
teristics as samples with complete or complete minus 
silicate enrichments, whereas the To for the 2 m depth 
samples at the three stations and the To for the sub- 
surface chlorophyll maximum at  station 13 presented 
characteristics of samples without enrichment or with 
complete minus nitrogen and complete minus phospho- 
rus enrichment. The changes in the volume of the cells 
are presented in Table 2 and Figure 6. 
FCM “Size-Fractionated” Particle Numbers 
Division rates estimated from cell number changes 
between To and the complete enrichment are presented 
in Table 3. We examined growth rates for each size 
fraction independently. In all cases, cells <5 km grew 
faster than cells >5 p.m, except at station 13, where the 
bigger cells divided more efficiently in the subsurface 
chlorophyll maximum. 
DISCUSSION 
Until recently the FCM has been used as a method to 
describe phytoplankton communities. We have tried to 
elevate its use as a tool to quantify the characteristics 
of chlorophyll contents, quantum yield, and cell size. 
We can now ask “What was the environmental experi- 
ence or history of the cell?’ 
With the FCM, we used an approach based on nutri- 
ent enrichment experiments. However, our results 
were valid only for the fraction of cells larger than 2 
pm. The light intensities in the incubator were chosen 
from the P versus I curves (not shown). The light in- 
tensity of 150 pmol mP2 s-l corresponded to the satu- 
ration light level for both depths a t  each station and to 
the optimum light intensity for each size fraction and 
depth. However, after the 12 h incubation, the relation- 
ship between the number of cells and their chlorophyll 
content showed that the cells adapted well to their new 
light conditions in the incubator (Fig. 3). A high to low 
light transition resulted in an increase of the chloro- 
phyll content of the cells from a 2 m depth. Such pro- 
cesses correspond to those reported by Falkowski (6) 
when cells were transferred from high to low light in- 
tensity. The estimated kinetic constant for the chloro- 
phyll synthesis in our results averaged 1.5 x h-l, 
which corresponds to the values of 2.2 x lop2  h-’ es- 
timated by Falkowski (6 )  and 1.4 x l op2  h-l estimated 
by Rivkin et al. (16). On the other hand, a low to  high 
light transition resulted in a decrease of the chloro- 
phyll concentration of the cells from the subsurface 
chlorophyll maximum. However, as the flow cytometer 
failed to  detect particles less than 2 pm, these results 
must be interpreted with some caution since some of 
the chlorophyll-containing particles would not have 
been accounted for. 
To characterize the physiological state of the phyto- 
plankton community, the relationship between the to- 
tal red fluorescence (as estimated by the FCM) and the 
biovolume for the enrichment experiments was plotted 
(Fig. 5). The To for the subsurface chlorophyll maxi- 
mum sample taken at station 14 represented the same 
characteristics as samples without nutrient limitation, 
whereas the time To for the 2 m sample depths repre- 
sented characteristics of nutrient-limited samples. 
This separation between samples submitted to differ- 
ent enrichments suggests that these changes were as- 
sociated with the nutrient conditions and not with the 
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Table 1 
Characteristics of the Samples Taken at Stations 12, 13, and 14 
Mean cell 
Depth Chl a Cells size Mean No3 + NO2 PO4 s i o 3  
Station (m) (pglliter) (%Iml) ipm) fluo.”Icell CIN (pM 1-’) (pM 1-l) (pM 1-l) 
17 2 0.25 1789 7.49 4.05 10.34 0.31 0.66 1.87 - ~. -- - 
50 0.39 589 4.69 9.87 8.81 1.50 0.71 1.39 
65 0.25 656 4.61 5.87 11.66 0.29 0.60 0.49 
13 2 0.06 598 6.11 3.14 14.08 0.26 0.56 1.19 
14 2 0.20 1375 5.82 4.55 13.00 0.49 0.60 1.02 
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FIG 3. Relationship between the chlorophyll concentration and the 
number of particles as detected by the flow cytometer. The higher 
slope represents the To samples from 2 m; the lower slope represents 
light conditions in the incubator. Similar changes in 
the flourescence were observed by Cleveland and Perry 
(3) for nitrogen-limited cells. These interpretations are 
in accordance with the results based on the carbon: 
nitrogen ratios. The cellular chemical ratios, particu- 
larly the C:N (Table l), are highly dependent on species 
and growth conditions, and the values of these ratios 
may serve as  good indicators of relative growth rates. 
For example, the C:N ratio can vary as a function of 
nitrogen limitation (9), and it can be used as an infor- 
the To samples from the subchlorophyll maximum (SCM), whereas 
the middle one represents samples from different enrichments and 
depths after 12 h incubation. 
mative index of the nutritional state of natural popu- 
lations. C:N values in relation to the ambient inorganic 
nitrogen show that the 2 m depth samples presented 
ratios representative of cells that are nitrogen limited, 
whereas samples coming from the subsurface chloro- 
phyll maximum at stations 12 and 14 show ratios near 
the theoretical Redfield value of 5.6 (151, which sug- 
gests that these algae are not nitrogen limited (Fig. 4). 
The division rates estimated from cell number 
changes (Table 3) are comparable to cell division esti- 
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FIG 4. The relationship between the carbone-to-nitrogen ratio and the dissolved inorganic nitrogen. 0, 
Data from Lancelot-Van Beveren (10); M, data from Banse (1); and e, our data. The theoretical Redfield 
value (15) has been marked by a dashed line. 
Table 2 
Growth Rate (Doubling per day) for Fractions of Cells <5 wma 
Total <5 bm >5 pm 
Station 0 SCM 0 SCM 0 SCM 
12 0.54 2.59 2.22 2.64 - 1.83 
- 1.16 13 - 
14 0.15 0.70 0.24 0.82 - 0.24 
- 0.14 - 
“Estimated by total cell number increases. In some case 
there were decreases in cell number over time, which can 
account for the discrepancies between total and fraction 
growth rates. 
mates available in the literature (7). The cells with the 
higher division rate correspond to the cells from the 
subsurface chlorophyll maximum samples a t  stations 
12 and 14. The main advantage of the FCM is that it 
makes it possible to examine each size fraction inde- 
pendently. Our conclusion is that the total growth rate 
for the entire population is not representative of the 
growth values for each separate fraction. 
The cell division rate data for fractions of cells <5 
pm and cells >5 pm represent the first such assess- 
ment for size classes from natural populations where 
the population is not manipulated. This is an impor- 
Table 3 
Mean Size of Cells According to Enrichment, Expressed as 
Equivalent Spherical Diameter (wm) 
2 m  
Station 
12 13 14 Mean S.D. 
To 7.49 6.11 5.82 6.47 0.89 
TlZ 9.99 5.22 8.55 7.92 2.45 
Complete 6.22 5.76 5.48 5.82 0.37 
Minus P 7.36 6.88 8.53 7.59 0.85 
Minus N 8.14 6.11 13.45 9.23 3.79 
Minus Si 7.21 6.16 6.33 6.57 0.56 
Subsurface chloroDhv11 maximum 
TO 4.69 4.61 4.72 4.67 0.06 
Tiz 9.76 5.10 11.77 8.88 3.42 
Complete 5.46 5.33 4.92 5.24 0.28 
Minus P 6.91 6.83 8.60 7.41 0.98 
Minus N 8.29 5.58 12.90 8.92 3.70 
Minus Si 5.78 5.33 5.52 5.54 0.23 
tant advancement from sample manipulation and sub- 
population aggregation via size fractionation through 
filters and nets. 
One of the most curious results is the increase in 
mean cell size when phytoplankton cells are nutrient- 
limited (Table 2). An example of such increases as de- 
DEMERS ET AL. 
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FIG. 5. The relationship between the total red fluorescence as esti- 
mated with the FCM and the biovolume. Triangles represent the 12 h 
incubated samples without enrichment; circles, samples with com- 
plete enrichment; diamonds, samples with complete minus phospho- 
rus; squares, samples with complete minus nitrogen; and inverse tri- 
angles, samples with complete minus silicate. Open characters are for 
the samples coming from 2 m and closed characters are for the sub- 
tected by the FCM are presented in Figure 6. Changes 
in cell size have already been observed by Turpin and 
Harrison (26) by varying the frequency of addition of 
limiting nutrients to cell samples. According to 
Smayda (20) a general increase in sinking rate accom- 
panies increasing cell size in laboratory experiments. 
In nature, this may result in a transfer of cells from the 
surface to the subsurface chlorophyll maximum. Al- 
though Smayda stated that shape is more important 
than size, Vogel (28) found that the variation in 
Smayda’s original diatom data (20) was easily attrib- 
utable to the size variation rather than to the shape 
variation. This suggests that near-surface samples 
should have larger cells than those located near the 
nutricline, and, indeed, this is what we observed. For 
all three stations, cells from the surface had a mean 
size of 6.80 pm (s.d. = 5.34) compared with 3.3 p.m 
(S.D. = 0.19) for the cells located near the nutricline. 
In the 2 m depth example the mean cell size at T12 was 
approximately 1.2 to 1.7 times the intial value at To. In 
surface chlorophyll maximum samples. All of the enrichment samples 
have been pooled on the same graph. The higher slope regroups all the 
samples without nutrient limitation, whereas the lower one regroups 
samples with nutrient limitation. The To for the different stations and 
depths are indicated by + for the 2 m samples and by x for the 
subsurface chlorophyll maximum samples. 
the subsurface chlorophyll maximum example the 
mean cell size a t  T12 was approximately three times 
the value at To. 
What have we gained by this approach? First, using 
the FCM, we were able to measure volume frequency 
distribution histograms of chlorophyll-containing cells, 
which is an advantage over the Coulter counts. Second, 
we calculated division rates of cells held in incubation 
containers, and the results were consistent with data 
available in the literature. Third, the biovolume versus 
the total red fluorescence relationships suggest that 
the FCM can be used as a tool to study the physiolog- 
ical responses of phytoplankton. Moreover, the inten- 
sity of the chlorophyll fluorescence allows us to deter- 
mine quickly the direction and the quantification of the 
adaptability processes of the cells, with statistical rigor 
because of the number of observations. 
In conclusion, it is clear that at the stations sampled, 
the chlorophyll distributions have poor correspondence 
with the phytoplankton biomass. Thus only the direct 
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STATION 14 
Complete minus Nitrogen 
12 h Later 
3 
CELL VOLUME (ARBITRARY UNITS 1 
FIG. 6. Example of size changes after 12 h of incubation. Left: Size 
distribution of the particles a t  the beginning of the experiment done 
at station 14 with the subsurface chlorophyll maximum sample. 
Right: Results 12 h later for the complete minus nitrogen enrich- 
ment. The x-axis represents 3 decade log scale of equivalent spherical 
diameter. Standard-sized calibration beads have been added to tie 
down specific locations of many diameters (esd). Instrument settings 
did not change over the time course of the experiments. Note large 
shift in population. 
measurement of autofluorescent cell number, cell vol- 
ume, and chlorophyll per cell can give reliable infor- 
mation about phytoplankton cells. The good concor- 
dance between parameters normally used to 
characterize the phytoplankton and the FCM data that 
we obtained suggests that the utilization of FCM is a 
valuable tool for estimating the relative growth and 





The authors are grateful to the Captain and crew of Cape 
Hatteras; for the technical assistance of W. Korjeff-Bellows, 
D.A. Phinney, N. Gagnon, and L. Berard-Therriault; for the 
fruitful discussions with Drs. E. Sakshaug, Q. Dortch, L. Le- 
gendre, J.J. Cullen, and C.S. Yentsch; and for the valuable 
suggestions given by M.J. Perry and two anonymous referees. 










7 .  
LITERATURE CITED 15. 
Banse K: On the interpretation of data for the nitrogen to carbon 
ratio phytoplankton. Limnol Oceanogr 19695-699, 1974. 
Chisholm SW, Armbrust EV, Olson RJ: The individual cell in 
phytoplankton ecology: Cell cycles and applications of flow cy- 
tometry. Can Bull Fish Aquat Sci 214:343-369, 1987. 
Cleveland JS, Perry MJ: Quantum yield, relative specific absorp- 
tion of fluorescence in nitrogen-limited Chaeotoceros gracilis. 
Mar Biol 94:489-497, 1987. 
Cucci TL, Shumway SE, Newell RC, Selvin R, Guillard RRL, 
Yentsch CM: Flow cytometry: A new method for characterization 
of differential ingestion, digestion and egestion by suspension 
feeders. Mar Ecol Prog Ser 24201-204, 1985. 
Doty MS, Oguri M: The carbon-fourteen technique for determin- 
ing primary plankton productivity. Pubbl Staz Zool. Napoli 19. 
[suppll 31:70-94, 1959. 
Falkowski PG: Kinetics of adaptation to irradiance in Dunaliella 
Goldman JC, McCArthy J J ,  Peavy DG: Growth influence on the 





tertiolecta. Photosynthetica 18:62-68, 1984. 20. 
Guillard RRL, Ryther JH: Studies of marine planktonic diatoms. 
I. Cyclotella nana Huestedt and Detonula conferuacea (cleve) 
Gran. Can J Microbiol 8229-239, 1962. 
Lancelot C, Billen G: Carbon-nitrogen relationships in nutrient 
metabolism of coastal marine ecosystems. In: Advances in 
Aquatic Microbiology, Vol 3, Jannasch HW, Williams PJL (eds). 
Academic Press, London, 1985, pp 263-321. 
Lancelot-Van Beveren C: A statistical method to estimate the 
biochemical composition of phytoplankton in the Southern Bight 
of the North Sea Est Coast Mar Sci 10:467-478, 1980. 
Li WKW: Experimental approaches to field measurements: Meth- 
ods and interpretation. Can Bull Fish Aquat Sci 214:251-286, 
1986. 
Olson RJ, Frankel SL, Chisholm SW, Shapiro HM: An inexpen- 
sive FCM for the analysis of fluorescence signals in phytoplank- 
ton: Chlorophyll and DNA distributions. J Exp Mar Biol Ecol 
68:129-144, 1983. 
Olson RH, Vaulot D, Chisholm SW: Marine phytoplankton dis- 
tributions measured using shipboard flow cytometry. Deep-sea 
Res 32:1273-1280, 1985. 
Paau AS, Uro J, Colwes JR: Applications of flow cytometry to the 
study of algal cells and isolated chloroplasts. J Exp Bot 29:1011- 
1021, 1978. 
Redfield AC: On the proportion of organic derivatives in sea wa- 
ter and their relation to the composition of plankton. In: James 
Johnstone Memorial Volume. Liverpool University, Liverpool, 
England, 1934, pp 176-192. 
Rivkin RB, Seliger HH, Swift E, Higgley WH: Light-shade ad- 
aptation by the oceanic dinoflagellates Pyrocystis noctiluca and P. 
fusiformis. Mar Biol 68:181-191, 1982. 
Sakshaug E: Problems in the methodology of studying phyto- 
plankton. In: Studies in Ecology, Vol7, The Physiological Ecology 
of Phytoplankton, Morris I (ed). University of California Press, 
California, 1980, pp 57-91. 
Sakshaug E, Demers S, Yentsch CM: Thalasszosira oceanica and 
pseudonana: Two different photoadaptational response. Mar Ecol 
Prog Ser 41:275-282, 1987. 
Shumway SE, Cucci TL, Newell RC, Yentsch C M  Particle selec- 
tion, ingestion and absorption in filter feeding bivalves. J Exp 
Mar Biol Ecol 91:77-92, 1985. 
Smayda TJ: The suspension and sinking of phytoplankton in the 
sea. In: Oceanography and Marine Biology, An Annual Review, 
Vol8, Barnes H (ed). George Allan and Unwin Ltd, London, 1970, 
pp 353-44. 
652 DEMERS ET AL. 
21. Spinrad RW: Flow cytometric analysis of the optical characteris- 
tics of marine particulates. SPIE Ocean Optics VII 489:335-342, 
1984. 
22. Spinrad RW, Brown JF: Relative real refractive index of marine 
microorganisms, a technique for flow cytometric estimation. Appl 
Opt 25:1930-1934, 1986. 
23. Spinrad RW, Yentsch C M  Observations on the intra- and inter- 
specific single cell optical variability of marine phytoplankton. 
Appl Opt 26:357-362,1987. 
24. Strickland JDH, Parson TR A Practical Handbook of Seawater 
Analysis, 2nd ed. Bull Fish Res Bd Can 167:l-310, 1972. 
25. Trask &J, Van den Engh GJ, Elgershuizen JHBW: Analysis of 
phytoplankton by flow cytometry. Cytometry 2:258-264, 1982. 
26. Turpin DH, Harrison PJ: Cell size manipulation in natural ma 
rine, planktonic, diatoms communities. Can J Fish Aquat Sci 37: 
1193-1195,1980. 
27. Vaulot D, Chisholm SW: Flow cytometric analysis of spermato- 
genesis in the diatom Thulassiosira weissflogii (Bacillariophy- 
ceae). J Phycol 23:132-137, 1987. 
28. Vogel S: Life in Moving Fluids: The Physical Biology of Flow. 
Willard Grant Press, Boston, 1980. 
29. Yentsch CM, Horan PK, Muirhead K, Dortch Q, Haugen E, Le- 
gendre L, Murphy LS, Perry MJ, Phinney DA, Pomponi SA, Spin- 
rad RW, Wood M, Yentsch CS, Zahuranec BJ: Flow cytometry and 
cell sorting: A powerful technique for analysis and sorting of 
aquatic particles. Limnol Oceanogr 28:1275-1280, 1983. 
30. Yentsch CS, Menzel D W  A method for the determination of phy- 
toplankton and pheophytin by fluorescence. Deep-sea Res 10:221- 
231. 1963. 
